Abstract. Since 2002, we have been developing a CO 2 -Sn-laser plasma produced (LPP) extreme-ultraviolet (EUV) light source, the most promising solution as the 13.5-nm high-power (> 200 W) light source for high-volume manufacturing (HVM) EUV lithography. Because of its high efficiency, power scalability, and spatial freedom around plasma, we believe that the CO 2 -Sn-LPP scheme is the most feasible candidate as the light source for EUVL. By now, our group has proposed several unique original technologies, such as CO 2 laser-driven Sn plasma generation, double-laser pulse shooting for higher Sn ionization rate and higher CE, Sn debris mitigation with a magnetic field, and a hybrid CO 2 laser system that is a combination of a short-pulse oscillator and commercial cw-CO 2 amplifiers. The theoretical and experimental data have clearly demonstrated the advantage of combining a laser beam at a wavelength of the CO 2 laser system with Sn plasma to achieve high CE from driver laser pulse energy to EUV in-band energy. We have the engineering data from our test tools, which include 20-W average clean power, CE ¼ 2.5%, and 7 h of operating time; the maximum of 3.8% CE with a 20-μm droplet, 93% Sn ionization rate, and 98% Sn debris mitigation by a magnetic field. Based on these data, we are developing our first light source for HVM: "GL200E." The latest data and the overview of EUV light source for the HVM EUVL are reviewed in this paper.
Introduction
An extreme-ultraviolet (EUV) light source has been under development in parallel with an EUV scanning exposure system. Early α-tools with 10-W EUV light sources were shipped by both ASML (IMEC, Leuven, Belgium; Albany Nanotech Institute, Albany, NY, United States) and Nikon (Selete, Tsukuba Ibaragi, Japan) as an "α-demo tool" in 2007 1 and "EUV-1" in 2008 2 , respectively. The β-tool generation of EUV exposure systems are shipped by ASML in the 2010-2011 time period with a targeted 100 W EUV light source. 3, 4 The focus today for EUV exposure tool development is the development of γ-tool EUV light sources for highvolume manufacturing (HVM). The key EUV light source system performance requirements are:
250 W clean power at intermediate focus (IF). Clean
power defined as, after removal of infrared (IR) and deep ultraviolet (DUV), light/photons/power. 2. High system availability and reliability to meet the requirements for HVM continuous fab operations.
Since 2002, Gigaphoton and Komatsu together have been developing a laser plasma produced (LPP) EUV light source based upon carbon dioxide (CO 2 ) laser-produced tin (Sn) plasma.
There are two major candidate methods to realize the EUV light source for HVM semiconductor lithography tools. One is the LPP-EUV light source; the other candidate is a discharge-produced plasma (DPP) method. Figure 1 is the schematic diagram showing the LPP-EUVand DPP-EUV systems.
These two methods each have some technical and commercial advantages and disadvantages. Table 1 shows the pros and cons of the two methods.
The CO 2 -Sn-LPP EUV light source is deemed to be the most promising solution as the 13.5-nm high-power (> 200 W) light source for HVM EUV lithography (EUVL) [5] [6] [7] because of the high efficiency, power scalability, and spatial freedom around plasma. Therefore, we have chosen the LPP-EUV method. We believe that the CO 2 -Sn-LPP scheme is the most feasible candidate for the EUV light source for HVM.
In order to meet the performance requirements for an EUV light source, we have focused on three enabling technologies:
1. High conversion efficiency (CE) 2. Debris mitigation functionality 3. High average CO 2 laser power.
In this paper, we report on the present development status of our LPP light source for EUVL for HVM.
LPP EUV Light Source Equipment Configurations
In this section, we will introduce three different EUV light source configurations and development purpose for each configuration. The typical setup of an EUV light source system is shown in Fig. 2 .
Our EUV light source contains, four primary sections:
1. EUV vessel including droplet generator and collector mirror 2. Superconductive magnets for debris mitigation 3. Plasma generation drive lasers, composed of pre-pulse laser and pulsed CO 2 laser 4. CO 2 laser power supply system.
We are developing LPP-EUV light source based upon two experimental systems: (1) the engineering test stand (ETS); and (2) small experimental tool. The features of these systems are shown below. Our target is to develop the GL200E system, which will be our first-generation HVM EUV light source. Table 2 shows the summary of the three EUV source configurations.
ETS
Our first integrated LPP-EUV light-source system, which we call ETS. This ETS has a vacuum chamber, a 30 μm to 60-μm droplet generator, 100 kHz, 13 kW, 20 nsec full width at half maximum (FWHM) pulse width CO 2 laser, and a superconductive magnet as shown in Fig. 3 .
The development purpose for ETS was originally our first fully integrated light source system. Today it is used primarily for debris mitigation testing and analysis.
Small Experimental Light Source Tool
The experimental setup simulates the final system, except for the repetition rate of the driver laser, with and without magnetic field applied. It can simulate 20-kW CO 2 laser irradiation with pulse energy of 200 mJ∕pulse at low repetition rate of less than 10 Hz. It has various measurement windows that can observe Sn behavior inside of vessel. (Fig. 4) This tool is capable of simulating conditions of EUV light generation identical to those in ETS and GL200E, such as pulse duration, pulse energy of CO 2 laser, pre-pulse laser, Sn droplet size, and magnetic field environment with the only significant difference that it operates at a maximum repetition rate of 10 Hz. The tool's compactness makes it easier to measure and optimize various plasma-generation parameters and results. The small experimental tool consists of various subsystems, including, a short-pulsed high-energy CO 2 laser, a pre-pulse laser, a Sn droplet generator, and a EUV vacuum vessel with a solenoid magnet. The droplet generator can supply a droplet with a diameter of around 20 μm. The vacuum vessel is evacuated by a turbo molecular pump and a dry pump. We have investigated EUV plasma generation scheme with the use of the small experimental tool operated at the repetition rate of 10 Hz (maximum). Figure 4 shows the experimental setup for the basic investigation of EUV light generation and Sn debris mitigation. 6, 7 By using this tool, we investigate EUV light emission under a pre-pulse laser and a CO 2 laser irradiation. The development purpose for small experimental system is primarily debris mitigation analysis and Sn droplet and plasma-formation experiments.
GL200E Proto System
The prototype system of the first HVM EUV light source has a 100-kHz 20-kW CO 2 laser, 20 μm in diameter droplet generator and magnetic field debris mitigation functionality as shown in Fig. 5 . The development purpose for the initial GL200E is integration of all functionalities, testing, and debugging based upon a HVM configured EUV light source. This system is planned to be integrated to a scanner system and to demonstrate actual lithographic performance. The target system specifications are shown in Table 3 . The HVM system is required to balance many aspects, such as reliability, maintainability, footprint compactness, and affordable operational cost.
Enabling Functions to Meet EUV Light Source
Performance and Current Status As discussed in Sec. 1, there are two high-level performance requirements necessary to be realized in order for LPP-EUV light source to be successful in the industry: high clean EUV power and EUV source reliability/availability for high-volume continuous fab operation. In this section, we will discuss and demonstrate the three major enabling functionalities we are developing in order to achieve the necessary performance.
The three enabling functionalities are:
1. High CE 2. Effective debris mitigation 3. High CO 2 laser output power.
Each function will be discussed at length in the following sections.
High CE
When an Sn droplet target is irradiated with pre-pulse laser and/or CO 2 laser beams, the Sn droplet in the vessel is converted into a plasma-emitting EUV where several states of Sn exist simultaneously. The different Sn states are generally classified as fragments, neutral atoms, or ions. After emitting EUV light residues of the plasma are eventually scattered inside the vessel. To prevent the collector mirror from being contaminated, Sn debris needs to be trapped before being deposited onto the collector mirror surface or cleaned after deposition. This Sn-state scheme is shown in Fig. 6 .
To enhance EUV energy and to minimize Sn debris toward the collector, the ionization of the Sn should be maximized in the laser irradiation processes. We believe that the shape of Sn target is crucial. To realize this, the double laser irradiation process is utilized in our system. The doublepulse experiments in EUV source have been carried out at several groups in the past. [8] [9] [10] [11] [12] The theoretical 13 and experimental 14 data have clearly demonstrated the advantage of combining a laser beam at a wavelength of a CO 2 laser with Sn plasma to achieve high CE from driver laser pulse energy to EUV in-band energy. 15 The scheme of our debris mitigation process from liquid droplet target to EUV light creation is shown in Fig. 7 .
First, we found that the Sn fragments are generated during the pre-pulse irradiation. The Sn fragments are, at that moment, the majority of the Sn present. Fragments can reach a maximum of a few micrometers in diameter. The Sn fragments were measured by a shadowgraph method with a few nanosecond pulsed back illuminator and a CCD camera with a high-resolution telescope. Figures 8 and 9 show the shadowgraphs of the fragments after the pre-pulse laser irradiation for the droplet with 20 μm diameter. The droplet is irradiated by a pre-pulse laser originating from left-hand side in the image. The Sn fragment behaviors are shown with optimized laser pre-pulse conditions in Fig. 8 . They are shown with non-optimized laser pre-pulse in Fig. 9 . The difference between two is the shape of Sn fragments. Figure 8 is the ideal case of optimized laser irradiation conditions. On the other hand, Fig. 9 shows an example of an unfavorable laser irradiation condition. The shadowgraph image in Fig. 9 (d) is obtained after the main pulse laser irradiation. Some fragments still remain without being vaporized. From the results of the experiment, we found that the fragments generated after the pre-pulse irradiation could be vaporized with appropriate laser irradiation condition and could be ionized partially. The Sn ionization rate will be discussed in the following section. However, of note, the Sn ionization rate can further be optimized by means of laser irradiation parameters; for example, by reducing the droplet size to below 20 μm in diameter.
The small Sn droplet generation is particularly important in Sn debris mitigation. The total mass of Sn, introduced into the vessel, should be reduced, to the minimum necessary, in order to obtain sufficient EUV photons.
The long-term positional stability of the droplets is a prerequisite to maintain long-term EUV power stability at IF. The droplet position is measured by a position sensor, and the results are fed back to the droplet generator steering stage. This feedback loop is very important because the droplet position determines the EUV light source position. Also, pre-pulse laser and CO 2 laser irradiation positions are monitored, which, combined with monitoring of the droplet position, enables stability of CE, EUV light source position, and improves performance of the Sn debris mitigation system. Figure 10 schematically shows the position control for the droplet, pre-pulse laser and CO 2 laser to stabilize plasma position. The typical intrinsic droplet position stability is shown in Fig. 11 . The droplet position control system is able to compensate the amount of instabilities.
The CE with the droplet target is measured. A CE of 3.3%, using 20-μm diameter droplet, has been demonstrated by optimizing the pre-pulse laser conditions as shown in Fig. 12 .
We have, thus, demonstrated the possibility to reduce the debris by use of a smaller 20-μm-diameter droplet target without the degradation in the CE. These basic studies have contributed to the development of the high-power production machine and to the basic design for further EUV power scaling together with theoretical calculations. Figure 13 shows the EUV clean pulse energy for the 20-μm droplet as a function of the pulse energy of the CO 2 laser under the optimum pre-pulse laser condition.
The maximum value, 1.55 mJ∕pulse clean (after filtering out of band energy) pulse energy and 3.3% CE, is observed for the CO 2 pulse energy of 175 mJ. Also, 1.4 mJ pulse energy and 3.8% CE is observer for the CO 2 energy of 150 mJ. It is clear that the CE has not saturated within the CO 2 pulse energy range tested. Based upon our experimental EUV clean pulse energy results, from the small experimental light source tool, we can calculate based upon a target pulse repetition rate of 100 kHz to determine that >150 W clean EUV power is possible.
Effective Debris Mitigation
Our Sn debris mitigation is a simple concept based upon making use of a magnetic field capturing and channeling charged Sn ions away from critical parts of the EUV source system. EUV light is emitted from Sn plasma and, when optimized, is mainly composed of Sn ions. Almost all Sn ions can be trapped in a magnetic field. Further, when laser pulsing is optimized to maximize Sn ions content, higher CE has been demonstrated. We have already shown the Sn fragments distribution shape, in Figs. 8 and 9, discussed in Sec. 3.1. We have determined it is essential to obtain higher CE in order to have effective debris mitigation functionality. Further, should the content or distribution pattern of the Sn fragments change, the CO 2 laser absorption could also be adversely impacted. Therefore, during the process of EUV plasma creation, obtaining the optimum ratio of the three Sn states (fragments, neutral atoms, and ions) is important from a debris mitigation perspective. In order to mitigate Sn debris, a pair of superconductive magnetic coils is arranged on opposite sides of the vessel. The main function of the EUV vessel is to maintain highlevel vacuum environment around EUV plasma and to mechanically position the key components, including collector mirror, optics for incoming laser beams and droplet generator. One of the most important requirements is to fully capture Sn atoms after EUV radiation for the extension of the lifetime of the collector mirror. Sn deposition of even 1-nm-thick layer on the EUV collector mirror, i.e., a few atomic layers, degrades the mirror reflectivity by 10%, which needs to be taken into consideration in the mirror lifetime specification. 16 The supplied Sn has to be almost fully removed from the active region in order to prevent deposition (evaporated material, molten droplets, slow ions), erosion (fast ions), and implantation (ultra-fast ions) on the collector mirror.
If all the Sn atoms are ionized, all the Sn ions can, in theory, be guided along the magnetic flux. Additionally, some of the neutral atoms can also be carried as they are trapped by charge exchange with ions.
14 In reality, however, not all of the Sn atoms and ions can be trapped in the magnetic field. Accordingly, our system is also equipped with a chemical etching mechanism. This chemical etching mechanism is designed to mitigate any remaining Sn atoms that could not have been trapped in the magnetic field and can potentially be deposited on the collector mirror surface or other optically sensitive locations. This mechanism is intended to remove any deposited Sn from the surface of the collector mirror and view ports.
The amount and the distribution of the Sn neutral atoms after the pre-pulse laser irradiation in a certain magnetic field were observed with a laser induced fluorescence (LIF) experimental setup. The equipment and main component specifications of the LIF measurement setup are shown in Fig. 14 .
The Sn atoms are excited by a third harmonics of a narrow-band Ti:sapphire laser that is tuned at the transition of 5p 2 3 P 0 − 6s 3 P 0 1 (286.3 nm). The fluorescence from the transition of 5p 2 3 P 2 − 6s 3 P 0 1 (317.5 nm) is observed with an image intensified CCD (ICCD) camera through a bandpass filter. The energy-level diagram of the Sn atom is shown in Fig. 15 . Two-dimensional atom distributions are obtained with a thin-line-profiled laser beam probed from a direction perpendicular to the surface of the Sn target.
The LIF imaging for the Sn atoms has several advantages, as follows:
1. Spectrally selective pumping and observation 2. High sensitivity 3. Cross sectional imaging with a sheet laser beam. Figure 16 shows the result of the LIF measurements. When there is no main CO 2 laser irradiation, neutral atoms and fragments are observed. With CO 2 laser irradia- tion, no neutral atoms and fragments are observed in these pictures. Figure 17 shows the measured results of the LIF signals. We conducted two experiments using the LIF metrology setup, with and without CO 2 laser irradiation, and then by comparing the two resultant signals, we are able to conclude 93% of the Sn atoms are ionized and 7% of the Sn atoms remain as neutral atoms. This ratio changes with CO 2 laser pulse energy, as shown in Fig. 18 .
The experimental results indicate that, when above a certain threshold of CO 2 laser energy, almost all Sn atoms in the droplet are ionized. This is a very positive result, as it indicates the Sn ionization rate remains constant when CO 2 irradiation energy exceeds a definable minimum energy level. Accordingly, the expectation is the debris mitigation system will remain stable for an extended operating time in the system. Also from this result, Sn deposition rate is reached around 1.2 nm∕Mpls (condition: droplet size 20 μm, operation duty 100%) and is one fourth of our preliminary cleaning experimental results.
We measured the ion distribution with the Faraday cup measurement 17 with and without a magnetic field. Two Faraday cups are set at the position of the collector mirror, where cup 1 is located in a direction perpendicular to the direction of the magnetic field. Cup 2 is located where the magnetic flux converges (Fig. 19) . Based upon the assumption that the average valence of the Sn ion is two, we calculated the distribution and the collection rate of the ions in the magnetic field. We tested with several magnetic field conditions. Figure 20 also indicates that the Sn ions are collected along the magnetic flux as the magnetic field is enhanced. The collection rate of the ions exceeds 98% under some magnetic field conditions.
The overall results are summarized in Fig. 21 . This figure shows 30% fragments, 67% neutral atoms, and 3% ions observed from a 20 μm Sn droplet with only pre-pulse laser irradiation. The ionization rate after the irradiation of CO 2 laser is also measured. The results show that 0% of fragments, 7% of neutral atoms, and 93% of ions were observed. The fragments were measured from the shadowgraph as described in Sec. 3.1, Fig. 8 .
According to our preliminary experimental results, this ionization rate is sufficient in comparison to our Sn etching rate. Overall number of atoms in 20 mm droplet J. Micro/Nanolith. MEMS MOEMS 021111-9 Apr-Jun 2012/Vol. 11 (2) Fujimoto et al.: Laser-produced plasma-based extreme-ultraviolet light source technology : : :
High CO 2 Laser Output Power
To minimize power loss of EUV through optical reflections, the EUV generation vessel is fully integrated and physically integrated into the EUVL scanner. To minimize overall footprint in the clean room area, the CO 2 laser system is typically located on a different floor, usually in a sub-fab area. Hybrid CO 2 laser system components are shown in Fig. 22 .
The pulsed master oscillator power amplifier (MOPA) CO 2 laser system has 20-nsec pulse duration (FWHM) and 20-kW average output power at 100-kHz repetition rate, which are optimized for Sn plasma generation. 18 The major specifications are shown on Table 4 . The hybrid CO 2 laser system consists of a short-pulse high-repetition-rate master oscillator (master-OSC) and multistage cascade amplifiers. The master-OSC laser is a Q-switched, 20-nsec, single P(20) line, RF-pumped waveguide CO 2 laser. The RF-excitation is a commonly employed scheme in axial flow or diffusion-cooled slab or waveguide configurations, allowing a high repetition rate in pulsed operation by a well-designed amplification system, for highrepetition-rate plasma generation. The commercial cw-CO 2 amplifiers are used as the amplifiers with some modifications. The laser system is operable from low duty mode (2%) to full duty mode (100%).
The targeted specifications of this laser system are described below. The master-OSC generates pulses at the repetition rate of 100 kHz, with 20-nsec pulse duration, and with 150-W (1.5 mJ, 100 kHz) power. The OSC contains two major parts. One is master-OSC that oscillates a pulse, and the other one is OSC-AMP that amplifies the pulse energy. The pre-amplifier (pre-AMP) amplifies the pulse from 150 W to 3.0 kW (30 mJ, 100 kHz) output level with a slab-type discharge chamber. The amplifiers (main-AMP) further amplify the pulse from 3.0 kW to 20 kW (200 mJ, 100 kHz) output level with two sets of fast gasflow-tube-type discharge systems. This system has a laser beam path that is approximately 100 meters long. The laser goes out of alignment mainly due to the vibration propagated from the floor, and the thermal deformation in the optics caused as the laser power is absorbed in and on the mirrors, which causes the beam direction to fluctuate. The current specification of the system, however, is that the main-AMP amplifies the pulse from 1.7 kW (17 mJ, 100 kHz) to 7.6 kW (76 mJ 100 kHz, target 20 kW) and inputs the pulse to the EUV vessel (Fig. 23) . The performance of the input and output characteristics at RF duty of 80% at 200 kW, output power at input of 1.7 kW, the beam profile, and the pulse duration are also shown in Fig. 23 . Each of the modules has been selected with a feasible level of performance demonstrated to meet the overall CO 2 laser system specifications. The master-OSC, the OSC-AMP, the pre-AMP, and the main-AMP are undergoing tuning to meet the overall targeted specifications. The temporal laser pulse profile of the amplified output is also shown in Fig. 23 . The pulse duration is 20 nsec, and the pedestal component of the pulse shape is less than 10% of the total output power. There is beam distortion in the active gas medium during amplification, but the thermal deformation in the solid optical components inside the beam delivery system seems to be the major source of the beam quality degradation. Sufficient cooling and careful optimization of the material would reduce these effects.
Experimental Results
Summarizing the technical results we have demonstrated successfully are:
1. Supply of smaller droplets less than 20 μm in diameter 2. High CE of 3.8% with 20 μm in diameter droplets 3. Experimentally measured magnetic field debris mitigation more than 98% of Sn ions collected by a magnetic field.
The ETS has demonstrated maximum power of 50 W (clean power in burst) and average power of 10.1 W (clean power, duty 20%) at system operation. In the experiment, the operation time was limited to <1 h.
We also have shown 4-h operation with 30-μm droplet sizes. The positional stability of the droplets is shown in Fig. 24 (the coordinates are same as Fig. 10) .
A droplet size of 30-μm diameter was adopted in this experiment. The amount of fragments from the droplet dramatically decreased by the use of smaller droplet size. We have achieved 25 W (clean power) maximum power with 2.5% of CE (20 W (clean power) average power with 2.5% CE) during 7 h of operating time with a 5% duty cycle (Fig. 25) .
The operation time of more than 7 h was limited by thermal drift in the base structure. Table 5 summarizes the key parameters of the EUV source operation experiments.
Latest Status of GL200e Construction
Based on the engineering data of the ETS and the small experimental tool, we are now developing our firstgeneration HVM light source, GL200E, at our facility. The GL200E system layout was shown in Fig. 5 . Position stability (y) of 30 mm @ 100 kHz w control, sampling 2 Hz, 60 pls. shows the first GL200E EUV light-source-system construction in our clean room. The laser system is assembled in our clean room. The next step in construction is the demonstration of power and short-and long-term performance stability and debris-free operation.
As stated in the introduction, two key performance characteristics are pre-requisite: high clean power and high availability and reliability of the system. Today, we have achieved 7.6 kW of CO 2 laser power and CE of around 3%. Our final target is to increase CO 2 laser power to 13 kW and then to 20 kW and CE from 3 to 5%, all under Sn debris-free operation.
Future Development Plan
The roadmap of Gigaphoton LPP-EUV light source is shown in Fig. 27 .
Following the ETS development, we are developing our first HVM EUV light source with a target of 250 W clean power. It is scheduled for release in 2012. Following the GL200E rollout, we will develop 350-W system designated as GL200E+ based upon an upgrade package. In the following years, we are planning to develop a 500-W system designated GL400E for even higher throughput for scanners. Our plan is to strongly support the needs for future EUV lithography tools and the EUV source needs of the semiconductor industry.
Conclusion
In this paper, we have reported results from the first LPP light-source system "ETS" device and the "small experimental tool" and updated our current performance status. We have obtained maximum burst power of 50 W (100 kHz, 0.5 mJ, EUV clean power @ IF), and laser-EUV CE of up to 2.5%. We have also demonstrated continuous operating time up to 7 h with 5% duty cycle. The ETS experiment has revealed that three key engineering items are essential:
1. High CE from CO 2 laser to EUV light 2. Debris mitigation ¼ Positional stability and droplet size optimization 3. CO 2 laser thermal load control.
We have investigated the EUV plasma-generation scheme by use of a small experimental tool, which operates at 10 Hz. We have proposed a double laser pulse irradiation method to generate LPP plasma efficiently. At this moment we have determined an operation condition demonstrating CE of 3.8%. Also, we have obtained 93% Sn ionization rate when the droplets are irradiated with double-laser pulses under proper CO 2 laser pulse conditions.
Based on these engineering results from the ETS and the small experimental tool, we are now developing our firstgeneration EUV light source for HVM: Gigaphoton GL200E. This system implements the following original concepts:
1. High efficient Sn plasma generation, driven by CO 2 laser 2. Double-pulse irradiation scheme for Sn plasma generation 3. Sn debris mitigation by a magnetic field and small Sn droplet size (20 μm) 4. Hybrid CO 2 laser system that is a combination of a short pulse oscillator and commercial cw-CO 2 amplifiers.
The design concepts are also reported. These data indicate that our LPP-EUV light source with the magnetic fielddebris mitigation system will be integrated as the HVM EUVL source system in the near future. We have already finished final assembling and are almost prepared for the operation of our first EUV light on the system.
